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ABSTRACT 

An expandable s t ruc tu res  design concept using a f l e x i b l e  mater ia l s  
composite was inves t iga ted  and a 30-foot long by 12-1/2-foot diameter 
prototype fabricated.  
Apollo Applications Program (AAP) wherein a l a rge  expandable s t r u c t u r e  
might be u t i l i z e d  i n  conjunction with Apollo-type vehic les  t o  conduct 
p a r t i a l - g r a v i t y  experiments. The vehic le  would cons i s t  of an e rec tab le  
cyl inder  110 f e e t  long and 12-1/2 f e e t  i n s ide  diameter which would be 
launched i n  the packaged condi t ion and subsequently rendezvoused with a 
manned Apollo Command Service Module ( C S M ) .  

This work has been d i r e c t e d  toward a proposed 

The primary prototype s t r u c t u r a l  material used i s  a s p e c i a l  Dacron 
t ape ,  2 inches wide which i s  longi tudina l ly  and c i rcumferent ia l ly  
appl ied by hand. The cage-type s t r u c t u r e  confines a bladder  comprised 
of a nylon fabric-f i lm-fabric  l aye r  on the  in s ide ,  a vinyl-foam l aye r ,  
and an outside nylon-fabric layer .  
polyurethane foam i s  appl ied on the  outs ide of t h e  s t ruc tu re  f o r  
micrometeoroid protect ion.  
l a y e r  which seals  t h i s  space t o  permit squeezing down by evacuating f o r  
packaging purposes. 

A 1-3/4-inch t h i c k  l aye r  of f l e x i b l e  

Another f i lm-fabric  laminate i s  outs ide t h i s  

S ta in less  s t e e l  tape i n  place of Dacron t ape  i s  considered. 

ii 

~- 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



CONTENTS 

Page 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

I N T R O D E T I O N  . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

LISTOFSYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . .  4 

TECHNICAL DISCUSSION OF DESIGN . . . . . .  
Objective . . . . . . . . . . . . . .  
Specif ic  Tasks . . . . . . . . . . . .  
Design Requirements . . . . . . . . .  
Description of Design Concept . . . .  
Discussion of Main Structure  Elements 
Weight . . . . . . . . . . . . . . . .  
S t r u c t u r a l  Analysis . . . . . . . . .  
Materials and Materials Testing . e . 
Micrometeoroid Protect ion . . . . . .  
Thermal Analysis . . . . . . . . . . .  
Canister  Design f o r  Prototype Test ing 

. . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  

5 
5 
5 
5 
6 
7 

15 
16 
28 
28 
28 
32 

FABRICATION OF PROTOTYPE MODEL . . . . . . . . . . . . . . . . .  32 
General . . . . . . . . . . . . . . . . . . . . . . . . . .  32 
F a c i l i t y  Preparation . . . . . . . . . . . . . . . . . . . .  32 
Hardware Fabricat ion . . . . . . . . . . . . . . . . . . . .  34 
Tape Manufacture and Subassembly . . . . . . . . . . . . . .  34 
Bladder Manufacture . . . . . . . . . . . . . . . . . . . . .  36 
Hardware I n s t a l l a t i o n  . . . . . . . . . . . . . . . . . . .  42 

PRELIMINARY LEAK TEST . . . .  . . . . . . . . . . . . . . . . .  51 

TEST PROGRAM DEFINITION . . . . . . . . . . . . . . . . . . . . .  53 

CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . . . .  53 

R3FERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 

I 
I 
I 
B 

iii 



ILLUSTRATIONS 

Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

I 2  

13 

14 

15  

16 

17 

18 

19 

20 

21 

i v  

Page 

Expandable s t r u c t u r e  design concept . . . . . . . . . . . . . .  
General arrangement - f u l l - s c a l e  u n i t  . . . . . . . . . . . . .  

2 

3 

Bladder s t r e s s - s t r a i n  . . . . . . . . . . . . . . . . . . . . .  9 

Load-strain Dacron tape  . . . . . . . . . . . . . . . . . . . .  10 

Load-strain comparison of Dacron and s t a i n l e s s  
s t e e l s t r a p s  . . . . . . . . . . . . . . . . . . . . . . . . .  11 

Strap-to- terminal-r ing j o i n t  arrangement . . . . . . . . . . .  12 

Configuration . . . . . . . . . . . . . . . . . . . . . . . . .  19 

Geometry and surface element of t h e  Taylor ' s  Dome 

Tangent r i n g  j o i n t  14 . . . . . .  . . . . . . . . . . . . . . .  

. . . . . . .  21 
Dimensionless coordinates  and meridian length  

22 of t h e  Taylor ' s  Curve . . . . . . . . . . . . . . . . . . . . .  
Temperature of tumbling cy l inder  . . . . . . . . . . . . . .  31 

Prototype t e s t  c a n i s t e r  . . . . . . . . . . . . . . . . . . . .  33 

Tape manufacturing se tup  . . . . . . . . . . . . . . . . . . .  35 

Prototype bladder  assembly . . . . . . . . . .  , . . . . . . .  35 

Access door pressure  t e s t  se tup  . . . . . . . . . . . . . . . .  36 

Pressure bladder  B 38 

Subassembly . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

. . . . . . . . . . . . . . . . . . . . . .  

Contour model f o r  bladder  development . . . . . . . . . . . . .  
End gore seaming 

39 

. . . . . . . . . . . . . . . . . . . . . . .  40 

Bladder assembly . .  . . . . . . . . . . . . . . . . . . . . .  40 

Longitudinal t ape  attachment t o  bladder  . . . . . . . . . . . .  41 

I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



Figure 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Prototype model ready for hard structure . . . . . . . . .  
Prototype model inside view showing 
internal hardware . . . . . . . . . . . . . . . . . . .  
Prototype model with hardware installed at one end . . . .  
Prototype model with hardware installed . . . . . . . . .  
Prototype model in horizontal position . . . . . . . . .  
Trunnion support and drive mechanism . . . . . . . . . . .  
Prototype model supported by trunnions and stub shafts . . 
Prototype model . circumferential tape installation . . .  
Prototype model - circumferential tape wrapping complete . 

TABLES 

TABLE 

I Weight Summary . Structure . . . . . . . . . . . . . . . .  
Summary of the Minimum Margins of Safety . . . . . . . . .  

I11 Preliminary Leak Test Data . . . . . . . . . . . . . . . .  
I1 

Page 

42 

43 

45 

46 

47 

48 

48 

49 

50 

Page 

16 

18 

52 



I 
1 
I 
I 
I 
I 
I 
1 
I 
1 
I 
1 
I 
I 
I 
1 
1 
I 
I 



A FEASIBILITY INVESTIGATION OF EXPANDABLF: STRUCTURES MODULF: 
FOR ORBITAL EXPERIMENT - ARTIFICIAL G 

By Robert J. French 
Goodyear Aerospace Corporation 

SUMMARY 

An expandable s t r u c t u r e s  design concept u t i l i z i n g  a f l e x i b l e  mater ia l s  
composite has been inves t iga ted .  
s t r u c t u r e  t o  be used f o r  a r t i f i c i a l  g rav i ty  experiments while i n  e a r t h  o r b i t .  
The work included design of a f u l l - s c a l e  model, design of a prototype ( f u l l  
diameter bu t  with a 30-foot long s t r a i g h t  s ec t ion ) ,  f a b r i c a t i o n  of t he  prototype, 
d e f i n i t i o n  of a t e s t  program f o r  t h e  prototype, and design of a c a n i s t e r  f o r  t h e  
prototype t e s t  work. 

The app l i ca t ion  was toward a l a rge  c y l i n d r i c a l  

The genera l  shape of t h e  s t ruc tu re  i s  t h a t  of a 12-1/2 foo t  i.d. cyl inder .  
The f u l l - s c a l e  u n i t  has a 110-foot long s t r a i g h t  sec t ion ,  with convex ends which 
make t h e  ove r -a l l  l ength  approximately 117.5 f e e t .  The prototype model i s  t h e  same 
except t h e  cy l inder  po r t ion  i s  only 30 f e e t  long t o  permit vacuum chamber t e s t i n g  
a t  Langley Research Center (LRC ). Rigid metal  r ings  , incorporated a t  appropriate  
spacing, provide a uniform f o l d  pa t t e rn  f o r  packaging. The packaging i s  accom- 
p l i shed  by appl ica t ion  of an axial  load while tw i s t ing  a t  t h e  same time. This 
technique causes a "necking in"  of the f l e x i b l e  ma te r i a l  between the  r i g i d  r ings.  
A 3-foot diameter door i s  located a t  each end. The spacing of t h e  packaging r ings  
does not  permit cont rac t ion  of t he  f l e x i b l e  s t r u c t u r e  beyond t h i s  dimension. 
Thus, an as t ronaut  can, if necessary,  go through t h e  packaged un i t .  

The primary s t r u c t u r a l  ma te r i a l  used i s  a s p e c i a l  Dacron tape ,  2 inches 
wide which i s  l ong i tud ina l ly  and c i rcumferent ia l ly  appl ied  by hand, bu t  i n  a 
manner s imulat ing a f i lament  wound appl ica t ion .  The c i rcumferent ia l  t apes  are 
s ide  by s ide ,  and t h e  longi tudina ls  a r e  2 inches apa r t .  The domed ends a r e  
t a i l o r e d  t o  a shape which w i l l  r e s u l t  i n  s t r e s s  only i n  the  long i tud ina l  d i r e c t i o n  
and need no c i rcumferent ia l s .  The r e su l t i ng  cage-type s t r u c t u r e  i s  used t o  confine 
a b ladder  assembly which serves  a s  the sea l .  This assembly i s  a s p e c i a l  laminate 
comprised of a nylon fabr ic - f i lm-fabr ic  l aye r  on t h e  in s ide ,  a vinyl-foam l aye r ,  
and an outs ide  nylon-fabric layer .  

A 1-3/4-inch t h i c k  layer  of f l e x i b l e  polyurethane foam i s  appl ied  on t h e  
outs ide  of t h e  s t r u c t u r e  f o r  micrometeoroid pro tec t ion .  Another f i lm-fabr ic  
laminate i s  outs ide t h i s  l a y e r  which s e a l s  t h i s  space t o  permit squeezing down 
by evacuating f o r  packaging purposesa This c a r r i e s  a thermal  con t ro l  coat  of 
pa in t  on t h e  outs ide.  

The above s t r u c t u r e  i s  supplemented by miscellaneous hardware items such 
as e x t e r n a l  metal  r ings  a t  t h e  tangent po in t s  f o r  c a n i s t e r  attachment, end 
doors and door frames, and s e v e r a l  i n t e r n a l  r i ngs  t o  f a c i l i t a t e  packaging. 
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Figure 1. - Expandable structure design concept. 
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INTRODUCTION 

h d e r  KASA-Langley Research Center Contract FASl-6573 , Goodyear Aerospace 
Corporation has performed t h e  i n i t i a l  t a sks  toward "A F e a s i b i l i t y  Inves t iga t ion  
of Expandable S t ruc tures  Module f o r  Orbi ta l  Experiment - A r t i f i c i a l  G". 
work has been d i rec ted  toward a proposed Apollo Applications Program (AAP) wherein 
a la rge  expandable s t ruc tu re  might be u t i l i z e d  i n  conjunction with Apollo-type 
vehic les  t o  conduct p a r t i a l  g r a v i t y  experiments. The vehicle  would cons is t  of an 
e rec tab le  cyl inder  110 f e e t  long and l2-1/2 f e e t  ins ide  diameter which would be 
launched i n  the  packaged condition and subsequently rendezvoused with a manned 
Apollo Cummand Service Module (CSM). 
t o  provide various l eve l s  of a r t i f i c i a l  g r a v i t y  a t  various locat ions along the  
cyl inder .  
and housekeeping experiments a t  lunar and o ther  g r a v i t y  l eve l s  using very low r a t e s  
of ro t a t ion .  The object ive of t h i s  contract  i s  t h e  development of a concept f o r  
t h e  extendable cylinder.  
s t ruc tu re .  A prototype t e s t  s t ruc tu re  w a s  fabr ica ted  f u l l  s ca l e  i n  diameter and 
approximately 37-112 f e e t  long. A packaging c a n i s t e r  f o r  t he  prototype w a s  designed, 
and a t e s t  program was defined. A preliminary i n f l a t i o n  t e s t  was  c a r r i e d  out t o  
determine leak r a t e ,  and conformance of t he  geometric configurat ion with t h e  design 
s p e c i f i c a t i o n  was c a r r i e d  out. 

This 

A f t e r  i n f l a t i o n  the  system would be tumbled 

The concept would o f f e r  opportunity t o  conduct biochemical operations,  

The work hereby conducted included t h e  design of such a 

The design concept f o r  t h i s  expandable s t ruc tu re  i s  shown i n  Figure 1. Figure 2 
shows t h e  general  arrangement of the f u l l - s c a l e  uni t .  

The period of performance f o r  t h e  work reported herein s t a r t e d  20 September 
1966, and concluded 19 March 1967. 

CIRCUMFERENTIAL STRAPS 

LONGITUDINAL STRAP 
TERMINAL RING 

Figure 2. General arrangement - full-scale unit 
3 



S t r u c t u r a l  Analysis 

Location points defined i n  
Figure 10, inch2 

An e l l i p t i c  funct ion 

Factor  of sa fe ty  

Gravi ta t iona l  acce lera t ion ,  
f t / s e c 2  

Complete e l l i p t i c  i n t eg ra l s  
of t he  f i r s t  and second 
kinds , respec t ive ly  

Modulus of the e l l i p t i c  
i n t e g r a l  

Number of s t r u c t u r a l  s t r a p s  
i n  the  meridional d i r e c t i o n  

Membrane forces  i n  t h e  meridio- 
n a l  and c i rcumferent ia l  d i r e c -  
t i o n s  , respect ively,  lbs/ inch 

I n f l a t i o n  pressure,  p s i  

Radius f r o m t h e  ax i s  of 
revolu t ion  t o  t h e  outer -  
most f l o o r ,  f t  

Length along a meridian, f t  

Spacing between meridional 
s t r a p s ,  inch 

Tensi le  force ,  lbs  

Incomplete e l l i p t i c  in teg-  
r a l s  of t h e  f i r s t  and 
second kinds,  respec t ive ly  

Car t e s i an  coordinates , f t  

Amplitude of t h e  e l l i p t i c  
i n t e g r a l  degs . 
Meridional and circumferen- 
t i a l  rad i i  of curvature ,  
respec t ive ly ,  inch 

Angle between t h e  normal t o  t h e  
meridian a t  any point  and t h e  
axis of r o t a t i o n a l  symmetry, 
degs. 

PI 
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Thermal Analysis 

2 C 43oLtii.r sCvnsOant , BTUjhr-ft 

2 
C S  Solar ,heat ing,  BTY/hr - f t  

E( s i n  e) Complete e l l i p t i c  i n t e g r a l  
of t h e  second kind with 
modulus ( s i n  e) 

View f a c t o r  of e a r t h  from 
s a t e l l i t e  

Earth r e r a d i a t i o n  hea t ing  , 
BTU/hr -f t2 

A l t i t u d e  parameter 

Albedo heat  in@; , €E&!hr,-ft2 

Average s a t e l l i t e  temperature, 
deg R 

Solar  absorptance 

Ang Le between e a r t h  -sun 
l i n e  and o r b i t a l  plane 

Emittance 

Angle between sp in  axis and 
s a t e l l i t e - s u n  l i n e  

Stefan-Boltz ann constant ,  
BTU/hr-ft2-Rf: 

T i m e  i n  sunl ight  ( f r a c t i o n a l )  

Orientat ion angles used i n  
de r i v a t  ions 

L 



I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
i 

TECHNICAL DISCUSSION OF DESIGN 

Objective 

The objec t ive  of t h i s  cont rac t  e f f o r t  was t o  determine the  f e a s i b i l i t y  of 
deploying and u t i l i z i n g  a l a r g e  diameter expandable s t r u c t u r e  a s  an i n t e g r a l  
p a r t  of a manned e a r t h  o r b i t i n g  a r t i f i c a l  g rav i ty  research vehic le  by e s t ab l i sh -  
i n g  the  f a b r i c a t i o n  techniques,  packaging concept, deployment method, and by 
demonstrating the  s t r u c t u r a l  i n t e g r i t y  and gas leakage c h a r a c t e r i s t i c s .  

Spec i f ic  Tasks 

Design, 

(1) 12-1/2-f oot 5 .d, x 110-f oot long expandable c y l i n d r i c a l  
s t r u e  t u r e  

(2)  12-1/2-foot i,d, x 30 t o  40-foot long prototype t e s t  module 

(3) Canis ter  f o r  prototype t e s t i n g  

Build 

(1) P r o t o t m e  t e s t  module 

(2 )  Miscellaneous composite samples 

Design Requirements 

F u l l  Scale  Model and Prototype. 

(1) Operating pressure,  5 psia,  Factor of Safety = 3 

(2 )  Permissible leakage, 2% in . .  24 h r  

( 3 )  Micrometeoroid Protect ion,  0.995 Probab i l i t y  of zero 
pene t ra t ion  i n  1 4  days a t  200 n ,  m i .  

( 4 )  I n t e r n a l  atmosphere, 100% O2 

( 5 )  

(6) 

Thermal con t ro l ,  passive,  70 k 20" F 

Packageable, deployable i n  ambient and vacuum 

5 
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(7)  Proof pressure ,  7.5 p s i , 1 4  days 

( 8 )  

(9)  

Deployment by i n t e r n a l  gas expansion 

Target package length  between tangent  po in t s ,  1/13 

(10) Durable, scuff  - r e s i s t a n t  inner  wal l  

(11) Provisions f o r  attachment a t  t e s t  end of 500 l b  s t r u c t u r e  
t o  support 500 l b  t e s t  equipment 

To be ro t a t ed  4 RPM (2/3 G)  (12) 

Canister fo r  Prototype. 

(1) For ambient and vacuum chamber use 

(2)  Simulate f u l l  s ca l e  packaging requirements 

(3)  Instrumentation provis ions f o r  determining packaging loads 

Description of Design Concept 

The f u l l  s ca l e  s t r u c t u r e  i s  a s t r a i g h t  cy l inder ,  12-1/2 f e e t  i n s ide  
diameter,  with curved ends. 
long, with t h e  domed ends adding another 3-3/4 f e e t  each, f o r  a t o t a l  over- 
a l l  l ength  of 117.5 f ee t .  
i s  t h e  same except t h a t  the  s t r a i g h t  s ec t ion  i s  only 30 f e e t  long  (37-1/2 f e e t  
over -a l l ) .  This i s  shown schematically i n  Figure 1, Flexib le  mater ia l s  a r e  
used t o  permit packaging of t h i s  l a r g e  s t r u c t u r e  i n t o  a small  space. However, 
r i g i d  metal r i ngs  are u t i l i z e d  a t  i n t e r v a l s  t o  provide con t ro l l ed  spacing of t h e  
packaging f o l d  locat ions.  
t h e  s t r a i g h t  cy l ind r i ca l  s ec t ion  j o i n s  the  curved ends. 
vide poin ts  f o r  attachment of t he  c a n i s t e r .  

The c y l i n d r i c a l  s t r a i g h t  s ec t ion  i s  110 f e e t  

The prototype model f ab r i ca t ed  under t h i s  con t r ac t  

Rigid r ings  a r e  a l s o  u t i l i z e d  near t h e  ends where 
These r ings  a l s o  pro- 

The primary s t r u c t u r a l  ma te r i a l  i s  a s p e c i a l  Dacron tape ,  2 inches wide, 
which i s  appl ied by hand but i n  a manner s imulat ing a f i lament  wound appl ica-  
t i o n .  
The c i rcumferent ia l  t apes  a re  side by s i d e ,  and t h e  long i tud ina l s  a r e  2 inches 
apa r t .  
between 3-foot diameter terminal  r i ngs  a t  each end. Tkke c i rcumferent ia l s  a r e  
a l s o  continuous and a r e  appl ied i n  a s p i r a l  fashion,  i n  t h e  s t r a i g h t  c y l i n d r i c a l  
s ec t ion  only,  s ince  the  domed ends a re  t a i l o r e d  t o  a shape which w i l l  result i n  
s t r e s s  only i n  t h e  longi tudina l  d i r e c t i o n  and need no c i rcumferent ia l s .  
t apes  a r e  comprised of un id i r ec t iona l  low-twist f i laments  and therefore  provide 

"he tapes  are u t i l i z e d  i n  both  long i tud ina l  and c i rcumferent ia l  d i r ec t ions .  

"he longi tudina ls  a r e  i n  e f f e c t  continuous, running back and f o r t h  

These 
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a r e l a t i v e l y  high e f f e c t i v e  modulus, t he  highest  obtainable with Dacron mater ia l .  
The r e s u l t i n g  cage-type s t ruc tu re  i s  used t o  confine a bladder assembly which 
serves  a s  the sea l .  This assembly i s  a s p e c i a l  laminate comprised of a nylon 
fabric-f i lm-fabric  l a y e r  on t h e  inside,  a v inyl  foam l aye r ,  and an outside nylon 
f a b r i c  layer .  

A 1-3/4-inch t h i c k  l a y e r  of f l e x i b l e  polyurethane foam i s  applied on the  
outs ide of the  s t ruc tu re  fo r  micrometeoroid pro tec t ion .  Another f i lm-fabric  
laminate i s  outside t h i s  l aye r  which sea l s  t h i s  space t o  permit squeezing down 
by evacuating, f o r  packaging purposes. This c a r r i e s  a thermal cont ro l  coat  of 
p a i n t  on the  outside.  

A three-foot  diameter door i s  included on the  cen te r l ine  a t  each end. These 
doors a r e  removable inwardly. The packaging f o l d  p a t t e r n  i s  such t h a t  a th ree-  
f o o t  minimum hole i s  maintained through the  f l e x i b l e  s t ruc tu re  when folded. 
Packaging i s  accomplished by pressing the ends together  while r o t a t i n g  one end 
r e l a t i v e  t o  t h e  other.  

Discussion of Main S t ruc ture  Elements 

Bladder. - The bladder performs the  following funct ions:  

(1) Seal  t h e  en t i re  s t ruc ture  from door t o  door. 

(2 )  Resist i n t e r n a l  damage from men working and moving about. 

(3) Transmit pressure load  t o  s t r u c t u r a l  tape elements. I n  the  
c y l i n d r i c a l  sec t ion  t h i s  merely compresses the  bladder mater ia l .  
I n  the  curved end regions the  s t r u c t u r a l  tapes  a re  approximately 
2 inches a p a r t ,  and t he  bladder must car ry  the  pressure load  t o  
the  s t r a p s  (see the following sketch) .  

Bladder completely backed up 
by S t r u c t u r a l  Tapes 

Outer Cover 

Micrometeoroid Pro tec t ion  Foam 

Circumferential  Tape 

Longitudinal Tape 

Bladder 

Bladder backed up by 
’ longi tudina l  tape O d Y  

Cyl indric  a 1  Region 

\,Outer Cover 

Micrometeoroid Pro tec t  i on Foam 

‘Longitudinal Tapes 

Bladder 

Curved End Region 
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The s e a l  port ion o f  t he  bladder composite chosen i s  a nylon fabric-f i lm- 
f a b r i c  described i n  t h e  "Materials and Mater ia ls  Testing" paragraphs. This 
mater ia l  has approximately 17  percent  u l t imate  e longat ion ava i l ab le .  It i s  . . 
used i n  a manner whereby, a t  t h e  7.5 p s i  14  day proof pressure  t e s t  condi t ion ,  
i t s  e longat ion w i l l  be  approximately 3.85 percent  maximum i n  t h e  c y l i n d r i c a l  
region.  

The foam used i n  the prototype model i s  1/16-inch t h i c k  polyvinylchlor ide 
This l a y e r  provides a r e s i l i e n t  tack ing  f o r  t h e  s e a l  l a y e r  t o  minimize (WC). 

s u s c e p t i b i l i t y  t o  punctures.  
a c t s  a s  a secondary s e a l  behind t h e  f i l m .  A s  a p ro t ec t ion  f o r  t h e  bladder  
during handling and t o  increase bladder  j o i n t  r e l i a b i l i t y ,  a backing l a y e r  of 
nylon c l o t h  i s  laminated t o  the  foam. 

The foam i s  a c losed-ce l l  type s o  t h a t  it a l s o  

The bladder composite ma te r i a l  i s  laminated i n  panels  approximately 3-1/2 
x 16 f e e t .  
b ladder  assembly. J o i n t s  a r e  a l s o  requi red  t o  achieve proper contour i n  t h e  
curved-end regions,  Butt-type j o i n t s  a r e  used, with a f i lm-c lo th  tape  appl ied  
t o  each s ide .  Tightness of t h e  tape j o i n t  on the  f i lm-c lo th  s ide  of t h e  bladder  
i s  mandatory. Leakage through such a j o i n t  i s  most a p t  t o  occur a s  a r e s u l t  
of a s l i g h t  w r i n k l e  i n  t he  tape  or t he  b ladder ,  thereby providing a pa th  under 
the  tape  t o  the  j o i n t .  
t h e  crack between the ad jo in ing  panels  and allowed t o  cure a f t e r  t h e  f i rs t  
f i lm-c lo th  tape  i s  appl ied  t o  t h e  f i lm-c lo th  s ide  of t he  bladder .  This pro- 
vides  a s top  f o r  any p o t e n t i a l  leakage through wrinkles.  

Therefore, a nurriber of j o i n t s  a r e  requi red  t o  t a i l o r  t h e  complete 

For t h i s  reason a bead of RTV s i l i c o n e  i s  i n s e r t e d  i n  

S t r u c t u r a l  Tape. - High tenaci ty- type Dacron 52 yarn i s  u t i l i z e d  f o r  t he  
b a s i c  s t r u c t u r a l  material .  A very low t w i s t  yarn i s  used t o  achieve a s  high 
e f f e c t i v e  t e n s i l e  modulus as  poss ib le  with t h i s  ma te r i a l  type.  These yarns 
a r e  made i n t o  tape nominally 2 inches wide a s  shown on Figure 3. The v i r g i n  
tape s o  constructed has an u l t ima te  s t r eng th  of 4390 l b s  on a quick-break t e s t .  
A t  operat ing pressure of  5 p s i a ,  each tape w i l l  be  loaded t o  750 lb s .  

S t a i n l e s s  s t e e l  t apes  were a l s o  considered, and could be subs t i t u t ed .  
The advantage t o  be gained would be not iceably  lower elongat ion,  and longer  
u s e f u l  l i f e  under high load  condi t ions.  
would r e s u l t  a 

paragraphs of t h i s  r epor t .  

However, a s i g n i f i c a n t  weight pena l ty  
The weight comparisons a r e  ind ica ted  i n  t h e  "S t ruc tu ra l  Analysis" 

The r e l a t i v e  merits of the  Dacron vs s t a i n l e s s  s t e e l  t ape  mater ia lS,  from 
the  s tandpoint  of s t r eng th  and elongat ion,  a r e  portrayed i n  Figures 4 and 5. 

Tape Spl ices .  - The tape  i s  manufactured i n  1engths:of  approximately 
900 f e e t ,  s o  few sp l i ces  a r e  required.  A s t e e l  'Fbuckle" i s  incorporated a t  
t h e  s p l i c e .  The s t r a p  members t o  be sp l i ced  a r e  i n s e r t e d  through t h e  buckle 
and bonded t o  each other  with epoxy adhesive. The buckle ensures t h a t  good 
clamping i s  maintained. Sp l i ce  j o i n t  s t r eng ths  a r e  3900 l b  minimum. 
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FUNCTIONS: 

DESCRIPTION: 

FOAM 

(1) SEAL 
(2) SCUFF PROTECTION ADHESIVE 
(3) SUPPORT FLOOR 

CLOTH 

160 -.. 

VIRGIN BLADDER 
COMPOSITE SPECIMEN 

CIRCUMFERENTIAL 

JOINT SPECIMEN 

SPECIMEN 

1 STRAP FAILED 

- WJ 
v, 
u 
oi 
v, I- 60 - 

3" SPACING IN CYLINDRICAL 
PORTION 3.35% 

0 4 8 12 16 20 
STRAIN - % 

Figure 3. - Bladder stress-strain. 
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STRUCTURAL TAPE TYPE 52 DACRON 
28 STRANDS - 8800 DENIER 
JOINED WITH POLYESTER R E S I N  

A 

/ TAPE IS  APPLIED 
TO BLADDER) 

/ 

/ 
4000 T /’ u T .  

3000 I i 

4300 LBS 

/ / 
2000 1 

I 

f i  2560 LBS - 15 PSI 
7. p / o  

1190 LBS - 7.5 PSI 
3.35% 
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Figure 4. - Load-strain Dacron tape. 
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STAINLESS STEEL STRAP CONSTRUCTION 

,A CIl l  

- _  -,' 

300 BUNDLES IN 2" STRAP 

.0036" DIA 302 STAINLESS 

4300 LBS-, 
ULT / 

4000 7 
I 

3000 1 
i v) 
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n 
Q 
0 
A 2000- 

i 
I 1 STAINLESS 

STEEL 

\ i i : L B S  1.87% - 15 PSI 

i / 

/' 
DACRON / 

\/' 
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/ 
2560 LBS - 15 PSI  /- 7.7% 

/ 

/ 

1190 LBS -7.5 PSI 

1125 LBS - 7.5 PSI 0 
/ 0.9% 

I e 3.35% 
/ 
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0.6% STRAIN - 'Yo 

1 r I -----I I I r--- 
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Figure 5. - Load-strain comparison of Dacron and stainless 
steel s t raps .  
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Bladder-Type Subassembly. - The construct ion of t h i s  subassembly involves 
the  appl ica t ion  of longi tudina l  and c i rcumferent ia l  t apes  t o  t h e  bladder  l aye r .  
The same tape construct ion i s  u t i l i z e d  i n  both d i r ec t ions .  However, s ince  the  
load l e v e l  i n  the  longi tudina l  d i r ec t ion  i s  1/2 t h a t  i n  the  c i rcumferent ia l  
d i r ec t ion ,  t he  longi tudina l  tapes  a r e  appl ied 2 inches apa r t .  I n  t h e  end regions 
beyond the tangency po in t  where the  cy l ind r i ca l  s ec t ion  meets t h e  curve, no 
circumferent ia l  tapes a r e  used. Due t o  the  2-inch space between tapes ,  the  
bladder i s  unsupported l o c a l l y  i n  these regions.  
able  i n  t h e  bladder composite t o  permit it t o  span the  gap between s t r aps .  How- 
ever ,  a simple modification t o  t h e  design could completely el iminate  t h i s  
condition. 
the weight now used, and appl ied over t he  e n t i r e  surface.  No unsupported bladder 
would then  e x i s t .  The penal ty  would be a weight increase due t o  t h e  add i t iona l  
adhesive, and the  addi t iona l  cos t  of making and i n s t a l l i n g  the  add i t iona l  length  
of longi tudina l  tape. 

Adequate elongation i s  ava i l -  

The longi tudina l  s t r a p s  could be made t h e  same width but  with 1/2 

Attachment of tapes  t o  bladder i s  by RTV s i l i c o n e  appl ied  i n  a sinewave- 
type p a t t e r n  over the  e n t i r e  length  of tape.  

S t rap  Terminal Rings. - The longi tudina l  s t r a p s  a r e  i n  e f f e c t  continuous. 
A s t e e l  r i ng ,  3 f ee t  i n  diameter,  l-1/8-inch diameter cross  sec t ion ,  i s  in se r t ed  
a t  each end. 
Thus, the load f r o m  each s t r a p  loop i s  ca r r i ed  by the  r ing .  The r ings  a re  made 
i n  halves t o  permit i n s e r t i o n  i n t o  the s t r a p  loops.  The r i n g  halves a r e  joined 
by a threaded f i t t i n g .  The r i n g  halves have female threads  i n  t h e  ends and a r e  
joined by a male M n g  with a l e f t  h a n w h r e a d  on one end and a r i g h t  hand 
thread on the  other. 

The longi tudina l  s t r a p  goes back-and-forth f r o m  r i n g  t o  r ing.  

The strap-to-terminal-ring j o i n t  arrangement i s  schema t i c a l l y  shown i n  
Figures 2 and 6. 

SKIN lh, 

TERMINAL RING 

N 

LONGITUDINAL 

BLADDER 

7-' I\ 

iINAL RI 

STRAP 

NG ASSEMBLY 

HATCH COVER v/ \ 
SEAL 

Figure 6. - Strap-to-terminal-ring j o i n t  arrangement. 
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Tangent Rings, - F i g w e s  2 and 7 dep ic t  t h e  arrangement i n  the  region where 
the  contoured ends Eeet t h e  s t r a i g h t  c y l i n d r i c a l  s ec t ion ,  Three-inch scpare 
cross-sect ion aluminum r ings  a r e  attached t o  the  outs ide of t h e  s t r u c t u r e  i n  
these  regions.  These r ings  provide hard a t t a c h  poin ts  f o r  t he  c a n i s t e r * a n d . a l s o  
con t ro l  the  primary f o l d  loca t ions  i n  t h e  end regions,  and a c t  a s  manifolds f o r  
t he  eva lua t ion  of t he  wal l  of t h e  s t ruc tu re  p r i o r  t o  packaging, Attachment of 
t hese  r ings  t o  the  s o f t  s t r u c t u r e  is  made p r i o r  t o  app l i ca t ion  of t he  circum- 
f e r e n t i a l  t apes ,  This is accomplished by bonding s h o r t  l engths  of t h e  Dacron 
tape  mater ia l  t o  the  long i tud ina l  s t r aps  and t h e  r ings  (See Figure 7). 

A 3-inch wide aluminurn channel r i n g  i s  in se r t ed  on the  ins ide  of t he  b ladder ’  
a t  t hese  tangent l oca t ions ,  This r ing  i s  s p l i t ,  and a turnbuckle arrangement 
used t o  provide clamping pressure aga ins t  t he  in s ide  of the  bladder.  RTV s i l i c o n e  
i s  used a s  a bonding agent,  Thus, adequate attachment i s  made without requi r ing  
any holes  i n  t h e  bladder,  The funct ion of these  r i n g s  i s  t o  provide s t r u c t u r e  
t o  which a f l o o r  could be at tached when implemented f o r  an a r t i f i c i a l  g rav i ty  
experiment. These channels a l s o  provide means of a t t ach ing  a temporary i n t e r n a l  
sp ider  t o  t h e  cy l inder ,  This spider  i s  u t i l i z e d  i n  the  manufacturing operat ion 
of tu rn ing  f o r  app l i ca t ion  of t h e  c i rcumferent ia l  tapes .  

Bladder Terminal Rings. - Since a 3-foot diameter door is incorporated i n t o  
each end of t he  structure,  a framing of t h i s  door i s  requi red ,  
p lace  t o  terminate  $he bladder ,  and t o  mount t h e  door s e a l s  (see Figure 6) ,  The 
arrangement used provides two aluminum angles with t h e  bladder end sandwiched 
between, 

This provides a 

Seal ing and bonding of t h i s  j o i n t  i s  accomplished with RTV s i l i cone .  

The inner  f ace  of t h i s  frame is a f l a t  surface t o  which one element of t he  
door s e a l  i s  a t tached,  

This door frame a l s o  provides an ex te rna l  f lange  f o r  attachment and sea l ing  
of t h e  outer  cover, 

Doors. - A 3-foot diameter aluminum spun door with a sphe r i ca l  rad ius  i s  
loca ted  a t  ea& endo 
i n  t h e  center  and p o r t s  f o r  pressure l i n e  attachment and instrumentat ion wir ing 
i n s e r t i o n s .  
rubber door s e a l  i s  a t tached  t o  t h i s  tube,  

One of these  doors has an 8einch diameter a c r y l i c  window 

An annular tube frame i s  a t tached  by welding. One-half of the  

Loose f i t t i n g  l a t c h e s  a re  a t tached t o  these  doors f o r  t h e  t e s t  a r t i c l e .  
These provide means of holding the  door i n  pos i t i on  snugly u n t i l  t he  i n t e r n a l  
pressure  exe r t s  enough force  on the door t o  e f f e c t i v e l y  mate the  s e a l s q  

Packaging Rings, - Packaging i s  t o  be achieved by compressing the  un i t  
endwise, while r o t a t i n g  one end on i t s  a x i s  i n  r e l a t i o n  t o  t h e  other  end. 
Twisting one end r e l a t i v e  t o  the  other causes a “necking-down“ between t h e  r i g i d  
tangent  r i n g s ,  By incorporat ion of  add i t iona l  s t i f f  r ings  a t  appropr ia te  length-  
wise loca t ions ,  t he  cont rac t ion  inwardly can be  l i m i t e d  t o  r e t a i n  an opening from 
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Figure 7. - Tangent r i n g  joint 
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one end t o  t h e  other  while i n  t h e  packaged condition. 
two such r ings  a re  used, 
divided i n t o  th ree  16-foot increments for packaging. 

For the  t e s t  a r t i c l e ,  
Thus, t h e  3O-foot length between tangent r ings  i s  

These r i n g s  a r e  of 3-inch diameter aluminum tubing. Attachment t o  t h e  
bladder  i s  complicated somewhat by t h e  f a c t  t h a t  t he  bladder w i l l  e longate  
when pressurized.  
and t h e  bladder it would r e s u l t  i n  a r e s t r i c t i o n  of t he  bladder e longat ion,  
and would pu t  undesirable l o c a l  l o a d s  i n t o  the  b ladder ,  This problem was over- 
come by use of f l e x i b l e  foam f o r  t h i s  attachment. The outs ide diameter of t h e  
r ings  i s  s l i g h t l y  l e s s  than the  inside diameter of the  bladder wjth no i n t e r n a l  
pressure .  
t he  r i n g  and t h e  bladder.  Under 
no-load condi t ion the  foam i s  compressed. A s  i n t e r n a l  pressure is  appl ied ,  t h e  
s t r u c t u r e  expands, and the  foam expands t o  make up t h e  d i f fe rence  i n  diameter 
between the  r i n g  and the  s t ruc tu re ,  
severe  l o c a l  loads from s t r u c t u r e  t o  r i n g ,  thereby providing p ro tec t ion  f o r  t h e  
bladder .  

Therefore, if r i g i d  attachment were made between t h e  r ings  

A foam annular r i n g  of rectangular  cross-sect ion i s  l zced  between 
The r i n g s  a r e  a t tached  t o  t h e  foam by s t r a p s ,  

The foam i s  incapable of t ransmi t t ing  

Weight 

The ca l cu la t ed  weights of the  fu l l - s ca l e  s t r u c t u r e  and t h e  prototype model 
a r e  tabula ted  i n  Table I. 
now complete and t h e  amounts of adhesives u t i l i z e d  i n  f a b r i c a t i o n  of t he  proto-  
type model. 

These weights a r e  based on the  engineering designs 

A n  a l t e r n a t e  design u t i l i z i n g  long i tud ina l  s t r a p  mater ia l  1/2 a s  heavy a s  
shown i n  t h e  designs,  b u t  completely covering the  b ladder ,  would increase the  
t o t a l  adhesive requirements, 
compared t o  1622 l b  f o r  t h e  ex i s t ing  model. 
would be 5511 l b  f o r  Dacron s t r a p  type and 6196 l b  using s t a i n l e s s  s t e e l  f o r  
s t r a p  mater ia l .  

A comparable prototype weight would then be 1725 lb 
Comparable fu l l - sca le  u n i t  weights 

The weight of t h e  adhesive system shown for attachment of s t r a p s  i s  maximum. 
and measurable reduct ion i n  t h i s  weight should be a t t a i n a b l e  with optimum design? 

The ma te r i a l  composite used f o r  t he  prototype model weighs 0.815 lb / sq  f t .  
The comparable s t r u c t u r e  i f  s t a i n l e s s  s t e e l  were used would weigh 0.955 lb / sq  f t .  
These numbers would be increased t o  0.875 and 1.015 r e spec t ive ly  if  l i g h t e r  
l ong i tud ina l  tape were used over the e n t i r e  a rea ,  



TABLE I. - WEIGHT SUMMARY - STRUCTURE 

S t ruc tu re  

Hard S t ruc ture  
Externa l  Tangent Rings (2) 
I n t e r n a l  Tangent Rings (2) 
St rap  Terminal Rings 
Door Frames 
Doors 
Packaging Rings ( 2 )  
Attachment Straps (2) 

Subtotals  ( A )  

F lex ib le  S t ruc ture  
Bladder 
Longitudinal Tapes 
Circumferential  Tapes 
Micrometeoroid Foam 
Outer Cover 
I n t e r l a y e r  and Seam 

Adhe s ive  

Subtotals  ( B )  

Tota l  - ( A )  + (B)  

~~~ 

Weight - l b  

Prototype 

112 
40 
50 
9 
20 
56 
48 
33 5 

168 
140 
170 
275 
100 

434 
1287 

1622 

F u l l  Scale  

Dacron 
Straps 

(4) 224 
(4) 80 

50 
9 
20 

(9) 253 
(2) 48 

684 

830 
370 
620 
83 5 
303 

1449 
4407 

5091 

S t r u c t u r a l  Analysis 

~~ 

S t a i n l e  s s 
S t raps  

22 4 
80 
50 
9 
20 
253 
48 
684 

830 
62 5 
1050 
835 
303 

1449 
5092 

5776 

The s t r u c t u r a l  ana lys i s ,  summarized here in ,  was conducted i n  support  of 
t h e  design of both t h e  full s i z e  expandable s t r u c t u r e  and t h e  prototype t e s t  
s t r u c t u r e .  The de ta i l ed  coverage i s  presented i n  Reference 1. Calculated 
margins of s a f e t y  of t he  c r i t i c a l  s t r u c t u r a l  components a r e  given he re in  along 
with t h e  corresponding f a c t o r s  of s a f e t y ,  loading condi t ions and f a i l u r e  m,odes. 
A d i scuss ion  of the uni t ,  i so tensoid  ( ze ro  c i rcumferent ia l  s t r e s s )  end c losure  
i s  a l s o  given. 
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There a re  two d i f fe rences  between the  f l i g h t  a r t i c l e  and i t s  prototype8 

(1) The lengths  of t he  c y l h d r i c a l  por t ions  of t he  f l i g h t  a r t i c l e  
and the  prototype are 110 f e e t  and 30 f e e t ,  respec t ive ly .  

(2) An 8-inch'diameter window i s  used i n  one of t he  access hatches 
of the  prototype b u t  1s omitted i n  the  design of t h e  f l i g h t  
a r t i c l e .  

The s t r u c t u r a l  s t r a p s  of t he  f l l g h t  a r t i c l e  and the  prototype a r e  composed 
of Dacron yarns ,  Straps of s t a i n l e s s  s t e e l  yarns could be used a s  an a l t e r n a t e  
construct ion.  
l ong i tud ina l  and c i rcumferent ia l  elongations and l e s s  tens ion  i n  the  tangency 
r ings  a s  compared t o  t h e  Dacron yarn construct ion.  
a l t e r n a t e  s t e e l  wire cons t ruc t ion  are included i n  Table 11. 

I f  s t e e l  wires were used, t h e  primary d i f fe rences  would be l e s s  

Margins of s a f e t y  of an 

The bas i c  s t r u c t u r a l  components a r e :  

Cylinder - Composed of nominal 2 t inch  wide s t r a p s  wit,h the  
c i rcumferent ia l  windings being contiguous, whereas the  120 
long i tud ina l  2cinch wide s t r a p s  a r e  spaced about 4 inches 
between cen te r s  t o  y ie ld  t h e  des i r ed  equal s t r e s s  condi t ion.  

I so tensoid  Zero Hoops End Closures - Designed t o  have t h e  proper 
shape under the  operating i n t e r n a l  pressure s o  t h a t  only meridional 
s t r e s s e s  a r e  present  which a re  c a r r i e d  by continuing t h e  120 
long i tud ina l  s t r a p s  a s  meridional s t r aps .  

Terminal Rings - The meridian s t r a p s  of the  end c losures  terminate  
a t  s t e e l  t ens ion  r i n g s  of nominal 3 f o o t  diameter.  These r ings  
a l s o  support  t he  access hatches.  

Access Hatches - The 3-foot diameter aluminum c i r c u l a r  hatches 
a r e  t h i n  sphe r i ca l  s h e l l s  w i t &  support ing edge r ings .  

Tangency Ring6 - These a r e  bu i l t -up  aluminum box sec t ion  r i n g s  
t h a t  a r e  e x t e r n a l l y  loca ted  a t  the  tangent  s t a t i o n s  of t h e  
cy l inder  and t h e  end c losure  junct ion.  They provide f o r  t h e  
attachment of t he  packaging c a n i s t e r .  

I n t e r p a l  Packaging Rings 1 These a r e  placed in s ide  t h e  cy l inder  
a t  regular  i n t e r v a l s  i n  order t o  c o n t r o l  t he  co l l aps ing  of t h e  
cy l inder  wa l l  during packaging. 
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(7)  I n t e r n a l  Floor Support Rings - These r ings  a r e  placed ins ide  
the  cyl inder  i n  t h e  same plane a s  t he  tangency r ings.  
w i l l  support t he  f loo r  required f o r  t he  a r t i f i c i a l  g rav i ty  
experiment . 

They 

I n  addi t ion  t o  t h e  connections required f o r  the  above s t r u c t u r a l  components, 
t h e r e  i s  an i n t e r n a l  foam-fabric pressure bladder  and an ex te rna l  micrometeoroid 
p ro tec t ion  foam. The construct ion i s  schematically shown i n  Figure 8 below: 

Meridional and Longitudinal Straps 

/ - , - F z c h  Pressure Bladder 

Tangency Ring 

In t e rna l ,  Floor Support Ring 

Circumferent ia l  Straps 

Micrometeoroid Pro tec t ion  Foam 

--- 

Figure 8. - Configuration 

The s t r u c t u r e  has been analyzed f o r  t h e  following loads:  

(1) I n t e r n a l  Pressure 

( a )  Operating ( l i m i t )  pressure  = 5 ps ig ,  
19 



(b )  Proof pressure  = 7,5 psig.  
t a ined  f o r  14  days t o  make a leakage t e s t  

This pressure  w i l l  be  main- 

( e )  Ultimate pressure = 1 5  ps ig .  

(d )  Fabr ica t ion  Pressure = 0.1 ps ig .  

(2 )  External Pressure 
It may be necessary t o  apply a small  ex te rna l  pressure t o  a s s i s t  
i n  the  packaging of the  cy l inder .  This i s  taken a s  0.25 ps ig .  

(3)  1-G loads during handling and f ab r i ca t ion .  

(4) Centr i fugal  fo rces  due t o  t h e  mass of a 1000 l b .  f l o o r  load  
r o t a t i n g  a t  4 rpm about an a x i s  l oca t ed  120 f e e t  from t h e  f l o o r  
loca t ion ,  and perpendicular t o  a x i s  of t he  cy l inder .  

O f  t h e  above loads,  condi t ion 4 causes neg l ig ib l e  s t r e s s e s  a s  compared t o  
those due t o  condi t ion 1-c a s  shown below. 

The force  i n  one of t h e  120 long i tud ina l  s t r a p s  due t o  t h e  u l t imate  i n t e r -  
n a l  p ressure  i s  2510 l b s .  a s  given by equat ion (16). 
due t o  condi t ion 4 i s  only 16.4 l b s ,  i . e .  

The corresponding fo rce  

n c 

(120) [ (4) (*I] (1000) 
- 2  
R c u  Wf 

= 16.4 l b s ,  120: g = (3) ( 120) ( 32.2 ) T = (F.S.) 
ug 

All s t r u c t u r a l  components a r e  considered t o  be  subjected t o  room tempera- 
t u r e  condi t ions a t  a l l  times (70" 5 20" F.). 

Although, t he  u l t imate  f ac to r  of s a f e t y  of 3 i s  spec i f i ed  t o  be  appl ied  t o  
a l l  s t r u c t u r a l  components, an add i t iona l  f i t t i n g  f a c t o r  of 1.2 i s  used for those 
connections considered t o  be c r i t i c a l i  A f a c t o r  of s a f e t y  of 1 .5  i s  appl ied  t o  
t h e  l i m i t  loads fo r  ana lys i s  of those compoments t h a t  a r e  subjected t o  e l a s t i c  
buckling. The r e s u l t s  of t he  s t r u c t u r a l  ana lys i s  a r e  summarized a s  the  minimum 
margins of s a f e t y  i n  Table 11. 

The i n f l a t e d  end c losure ,  o r  dome, i s  designed a s  an i so tensoid  sur face  of 
revolut ion.  These surfaces  a r e  used extensively i n  the  f i lament  winding of 
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pressure  vessels ,  rocket  cases,  etc.  High s t r eng th  t o  weight r a t i o s  r e s u l t  
s ince  a near ly  uniform fac to r  of sa fe ty  i s  achieved throughout t he  body due t o  
constpnt s t r e s s e s  i n  t h e  fi laments.  This shape was f i r s t  t r e a t e d  mathematically 
by G. I. Taylor (Reference.2) i n  the e a r l y  twenties f o r  t he  purpose of describin:: 
the  shape of parachutes. The parametric equations of the  curve involve e l l i p t i c  
funct ions and a r e  presented i n  Figure10 along with a non-dimensional p l o t  of the  
p r o f i l e  . 

The p r i n c i p a l  membrane forces  a r e  considered along with the  uniform in t e rna l  
pressure t h a t  a c t  on a surface element of the dome loca ted  a t  point  A 
of Figure 9 below. 

Element at  A 

Figure 9 .  - Geometry and surface element of t h e  Taylor 's  Dome. 
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I n  Figure 9, t h e  lengths  BA and OA represent  t he  meridian and circum- 
f e r e n t i a l  r a d i i  of curvature ( p$ and e@), respec t ive ly .  S imi la r ly ,  
and NQ a r e  the  corresponding, p r inc ipa l  meridian and c i rcumferent ia l  membrane 
fo rces  due t o  the  uniform,  i n t e r n a l  pressure ,  p. 

N$ 

From the  geometry of Figure 9 

dx sec $ BA = P$ = 

However, t h e  equation of t he  Taylor’s curve (Reference Figure 9)  i s ,  

x = x q x - j T  m 

D i f f e ren t i a t ion  of equation (3) gives 

Subs t i t u t ing  equations (3) and (4 )  i n t o  equations (1) and ( 2 ) ,  
r e spec t ive ly  gives 

x m 

(3)  

(4) 

( 5 )  

Consider the  equi l ibr ium of the po r t ion  of t he  dome above a p a r a l l e l  c i r c l e  
def ined by the  angle @ of Figure 10. 
reac ted  by t h e  d i s t r i b u t e d  meridian membrane forces .  
i s  then,  

The r e s u l t a n t  pressure  load (pnx2) i s  
The equation of equi l ibr ium 

and 



A second equilibrium equat ion may be  der ived by considering the  forces  
a c t i n g  normal t o  a surface element. This i s  t h e  w e l l  known membrane equation. 

o r  

Dividing equation (8) by equation (6 )  gives 

Subs t i t u t ing  equation (3)  i n t o  equation (11) gives 

Therefore, s u b s t i t u t i o n  of equation (12) i n t o  equation (10) shows the  
c i rcumferent ia l  s t r e s s  i s  zero throughout t h e  dome, i , e , ,  

(9) 

A second c h a r a c t e r i s t i c  of a Taylor 's  dome, t h a t  i s  constructed of a f i n i t e  
number of meridian cords, i s  t h a t  t h e  tens ion  i n  each cord i s  constant  along 
t h e  cord. For N cords, the c i rcumferent ia l  spacing between them i s  

2 Tlx 

N 
S 1 =  

The t e n s i l e  load  i n  a cord i s  simply t h e  meridian membrane fo rce ,  given by 
equation (8) ,  mult ipl ied by the  cord spacing, > i . e , ,  
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2 
T * N s ' =  1 (*)cy) 2 s i n  = N s i n  

Squaring equat ion (3) and subs t i t u t ing  the  r e s u l t  i n t o  equation (15)  
shows the  cord tens ion  i s  constant  and equal t o ,  

2 
PXXm 

T =  (16 
N 

A dome having an equa to r i a l  diameter of 12.5 f e e t  when i n f l a t e d  t o  
an opera t ion  ( l i m i t  l oad )  gage pressure of 5 p s i  i s  desired.  
l oca t ed ,  access hatch i s  a l s o  spec i f ied .  The meridian elements a r e  there-  
f o r e  terminated a t  a c e n t r a l  r i n g  having a diameter of t h r e e  f e e t .  Le t t i ng  
xr  be  the  rad ius  of t h i s  r i n g ,  t h e  l o c a t i o n  on t h e  dome i s  then given by t h e  
equat ions of Figure 10 as, 

A c e n t r a l l y  

-1 / - - COS 0.24 = 76" 6.8 Pr 
-1 / - - s i n  (0.24)2 = 3" 18.1 @r 

The length  along the  generating meridian a s  wel l  a s  i t s  Car tes ian  
coordinates  i s  a l s o  des i red  f o r  f ab r i ca t ion  purposes. The i n f i n i t e s i m a l  
l eng th  i s  

Subs t i t u t ing  equation (2 )  i n t o  equation (17) gives 

ds = dx sec @ 

or 

dx ds  = - s in2  

25 



But from equation (3) 

2 4 sin @ = (--$--I 
m 

Substituting equation (20) into equation (19) gives 

dx ds = 

Now consider the elliptic functions: 

X 

x :  c n u  = - 
m 

2 2 x 2  s n u  = 1 - c n u  = I-(-> 
X m 

Let the modulus, k have the value, 

1 k =  
fi 

Substituting equation ( 2 5 )  into equation (24) gives 

2 2 1 d n u  = - 2 

Multiplying equations ( 2 3 )  and (26) gives, 

26 

(25) 

I 
I 
I 
I 
I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 

(27 1 I 
I 
I 



1 
I 
I 
I 

I 
I 
‘I 

o r ,  t ak ing  the  square 

m 

Next, d i f f e r e n t i a t i n g  

root  of equation (27) gives ,  

= c s n  u d n  u 

equation (22) g ives ,  

dx rn -X sn  u dn u du m (29) 

F i n a l l y ,  s u b s t i t u t i n g  equations (284 and (29) i n t o  equation (21) g ives ,  

The des i r ed  meridian length  i s  given by i n t e g r a t i n g  equation ( 3 0 ) .  Here, t he  
lower l i m i t  of i n t eg ra t ion  the  complete e l l i p t i c  i n t e g r a l  of the  f i r s t  kind 
sPnce whefi x 0 ,  cn u is 0 (22) .  Therefore, 1 

K 

cr ,  from the  t a b l e s  of e l l i p t i c a l  i n t e g r a l s  f o r  t he  modulus, 

k = -  I , K 1.8541 and, +- 
Here, of course,  u denotes the incomplete e l l i p t i c a l  i n t e g r a l  of t he  f i rs t  
kind, 

The meridional length  was determined for values of u using equation (32).  
The corresponding values of x were ca l cu la t ed  by equat ion (22) and the  meridional 
l eng th  curve of Figure 9 was then P lo t t ed .  
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Materials  and Mater ia ls  Testing 

A de t a i l ed  "Materials and Mater ia ls  Testing'' r epo r t  (GER-13161, Refer- 
ence 3) has been published i n  compliance t o  Clause 41 of t h i s  cont rac t .  

Micrometeoroid Protect ion 

A t h e o r e t i c a l  study was conducted t o  determine t h e  amount of f l e x i b l e  foam 
micrometeoroid pro tec t ion  required t o  s a t i s f y  the  spec i f i ca t ions  of 0.995 proba- 
b i l i t y  of zero penetrat ion a t  200 n. m i .  f o r  1 4  days. The environment c r i t e r i a  
was t h a t  defined by Reference 4. 
showed t h a t  it would be necessary t o  s top  p a r t i c l e s  of 3.3 mg or l e s s .  I n  p a s t  
programs, it has been found t h a t  1.75 inches of the  e l a s t i c  recovery mater ia l  
planned for t h i s  s t ruc tu re  i s  adequate t o  s top  a l l  stony-type p a r t i c l e s  having 
a mass of 3.5 mg o r  l e s s .  This i s  documented i n  Reference 5. The i n t e g r i t y  of 
t he  composite r e l a t i v e  t o  micrometeoroid pro tec t ion  i s  s i g n i f i c a n t l y  r e l a t e d  t o  
t h e  bumper wal l  used. Specimens of t he  composite mater ia l  herewith used were 
furnished t o  LRC under t h i s  cont rac t  f o r  subsequent micrometeoroid t e s t ing .  
These t e s t s  should determine whether t he  present  outer  cover i s  adequate, or 
should be a l t e r e d  t o  improve i t s  capab i l i t y  t o  break up the  p a r t i c l e s .  

Appropriate ca lcu la t ions  using these parameters 

Thermal Analysis 

A tumbling c y l i n e r  i n  a 200 n. m i .  oL-tit ( K  2 0.95), with an o r b i t a l  
i nc l ina t ion  ,9 
sp in  ax i s  ana the  cylinder-sun l i n e  i s  considered. 

with respect t o  the  earth-sun l i n e ,  and an angle 8 between the  

For a low o r b i t  

2 0.5 (1 - 6---8) = . 0.344 Fe 

Therefore, e a r t h  heating i s  

2 I = 0.16 C F = 24.4 BTU/hr-ft e 

(33) 

(34) 
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Albedo heat ing averaged over  t he  o r b i t  i s  . 
0 0 

= 17.4  COS^ ( 3 5 )  

The por t ion  of time i n  sunl ight  i s  

2'= 1 - cos-1 (7/1-K2/COS/j )/. (@<p<cOs v y $ , i  

= 1 (COS-'- <,b< ./2) or ( 7 1 . 8 2 ' 7  4 9 0 ' )  ( 3 6 )  

Solar  heat ing averaged over the o r b i t  i s  

IP 
cS = . / v l  - sin2 8 s i n 2 y  d y .  / 1 d (37) 

J J 
0 0 

= 89.5 '2- E ( s i n  e )  

where E ( s i n  e )  i s  the  complete e l l i p t i c  i n t e g r a l  of t h e  second kind. 



A hea t  balance on tbe s a t e l l i t e  takes  tt- form 

= 1 + ( 0  + c )  a/t: *a 
= 24.4 + [ 17.4 c o s p  + 89.5 E ( s i n  €3) (1 - cos -1 (0.312/cosp)/n)] 

c4 / E  ( O < b  < 71-82") (38) 

Using the  mathematical expectat ion of h e a t  f l uxes  with a random o r i e n t a t i o n  
equation ( 5 )  becomes 

0 Ta 4 = 24.4 + [17.4 c o s p  + 110.6 (1 - cos -1 ( 0 . 3 1 P / c o s ~  )/IT)] a / [  

(0  <p<71.82") ( 3 9 )  

Equations (38) and ( 3 0 )  a r e  p l o t t e d  i n  Figure 11. With random or i en ta -  
t i o n  t h e  temperature i s  observed t o  be e s s e n t i a l l y  constant f o r  values o f q  
between zero and 5O", wi th  much higher temperature f o r  l a r g e r  values of ,l? . 
This i s  due t o  the  decrease i n  albedo heat ing o f f s e t t i n g  t h e  increase i n  time 
spent i n  s u n l i g h t - a s  p 
t h e  s a t e l l i t e  i s  always i n  t h e  sun l igh t .  For an e a s t e r l y  launch from t h e  
United S ta t e s ,  P 
l i f e t i m e  - an r a t i o  of 1.3 appears t o  be near optimum. 

increases  t o  a c e r t a i n  value - for exceeding 82' 

w i l l  vary from zero t o  a s  much as  55" during a s i x  month 

Figure 11 shows t h e  e f f e c t  of o r i e n t a t i o n  on average temperatures. 
observed t h a t  o r i en ta t ion  with r e spec t  t o  t h e  sun can make a d i f f e rence  of 
+20' F on average temperature. Tumbling i n  the  o r b i t a l  plane i s  undesirable 
s ince  a l a r g e  ,8 e f f e c t  on temperature occurs. ' I t  would be des i r ab le  t o  keep 
€J nearly constant.  

It i s  
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Canister Design f o r  Prototype Testing 

A can i s t e r  design was prepared t o  support t he  prototype t e s t  program. 
This can i s t e r  w i l l  be used during the  packaging, packaging load ,  and deploy- 
ment t e s t s .  The caniste,r t o  be employed i s  a cylknder l a r g e  enough t o  
encompass the  l3-foot diameter t e s t  a r t i c l e .  I t s  length  i s  approximately 
2-1/2 fee t .  The spec i f ic  length  i s  t o  be determined when the  protofype 
mojel i s  put  i n t o  the packaged condi t ion fo r  t h e  f i r s t  time. 

This can i s t e r  r e s t r a i n s  the  t e s t  un i t  longi tudina l ly .  The c y l i n d r i c a l  
por t ion  w i l l  be r e s t r a ined  by attachment of t he  c y l i n d r i c a l  c a n i s t e r  t o  t h e  
tangent  r i n g s ,  I n  addi t ion ,  end covers a r e  included i n  the  design,  and f o r  
a s e r i e s  of packaging load t e s t s  these covers w i l l  be i n s t a l l e d .  They w i l l  
r e s t r a i n  the  curved end port ions from exttending f r e e l y .  

A mechanism i s  included which w i l l  permit deployment from the  s a n i s t e r  
i n  the  vacuum chaniber. This mechanism uses  a series of bel l -crank type l a t c h  
f i t t i n g s  which prevent deployment u n t i l  t r iggered .  A t  deployment t h e  bel l -crank 
arm's r e s i s t i n g  movement swing out of t he  way t o  permit unhindered movement of 
t h e  t e s t  a r t i c l e  out of the  package. The other  arms of t h e  bel l -cranks a r e  he ld  
i n  pos i t i on  u n t i l  deployment by a s ing le  cable.  Deployment i s  i n i t i a t e d  by 
c u t t i n g  t h i s  r e s t r a in ing  cable with a pyrotechnic operated c u t t e r .  This arrange- 
ment i s  schematically shown i n  Figure 12. 

The t e s t  can i s t e r  s t r u c t u r e  i s  a weldment of aluminum extrusions.  A 
c y l i n d r i c a l  s leeve of c l ea r  a c r y l i c  p l a s t i c  i s  in se r t ed  i n t o  t h i s  weldment and 
bol ted  i n  place.  This provides a smooth surface f o r  contact  with t h e  packaged 
a r t i c l e  before  and during deployment t e s t s ,  while a t  the  same time allowing 
v i s u a l  monitoring of the  packaged a r t i c l e  a t  a l l  times. 

FABRICATION OF PROTOTYPE MODEL 

General 

The major s teps  of prototype f a b r i c a t i o n  include t a sks  of f a c i l i t y  prepara- 
t i o n ,  f a b r i c a t i o n  a i d s ,  hardware f ab r i ca t ion ;  composite mater ia l  lamination, tape  
manufacture , subassembly and assembly of prototype. 

The paragraphs t h a t  follow descr ibe t h e  major t a sks .  

F a c i l i t y  Preparat ion 

The i n i t i a t i o n  of t h e  manufacturing e f f o r t  involved a l imited amount of 
f a c i l i t y  preparation. The t a s k  of laminating bladder panel  components required 
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Figure 12. - Prototype t e s t  can i s t e r .  33 



t h e  adaptat ion of e x i s t i n g  t a b l e s  f o r  mater ia l  p repara t ion ,  and subsequent 
vacuum bagging. This i s  the  technique used f o r  clamping during adhesive cure.  

The Dacron tape was made on a f i lament  winding machine, Figure 13. 
spec ia l  guides were required t o  properly o r i e n t  t h e  yarns which were taken from 
28 indiv idua l  spools,  a s  they passed through a r e s i n  ba th  and onto a windup 
drum. The guide adjacent  t o  t he  drum determines the  f i n a l  r e l a t i v e  p o s i t i o n  of 
the ind iv idua l  yarns,  thereby con t ro l l i ng  tape  width and uniformity.  The drum 
which was ava i lab le  i s  a sheet  metal cy l inder ,  5 f e e t  i n  diameter and 12  f e e t  
long, b u t  required the addi t ion  of a s h a f t  f o r  mounting on t h e  machine. The 
drum holds approximately 900 f e e t  of tape.  Some simple s torage spools f o r  
f in i shed  tape were a l s o  made. 

Two 

!be assembly procedure involved a major amount of t h e  e f f o r t  being 
accomplished while the s t r u c t u r e  was f l a t  on the  f l o o r  ( see  Figure 14 ) .  There- 
f o r e ,  a f l o o r  area of 48 x 56 f e e t  was prepared by bonding l / b i n c h  masonite t o  
the f l o o r  t o  provide a smooth working sur face  t o  prevent damage t o  t h e  bladder  
mater ia l  a s  it was walked on. S t r a i g h t  cold r o l l e d  s t e e l  bars  were a t tached  t o  
the floor on two s ides  of t h i s  work area t o  provide permanent reference l i n e s  
from which t o  take a l l  measurements during the  f a b r i c a t i o n  phase... 

Hardware Fabr ica t ion  

The hardware items include ex te rna l  and i n t e r n a l  tangent  r i n g s ,  packaging 
r ings ,  bladder terminal  r i ngs ,  doors,  and long i tud ina l  s t r a p  te rmina l  r i ngs .  
These items were a l l  produced using conventional meta lc raf t  manufactuking 
techniques. The access doors were pressure  t e s t e d  t o  ensure t h a t  no leakage 
would be obtained through welded j o i n t s ,  and t h a t  they could adequately r e s i s t  
the pressure  loads. 
t i o n  and pressurized t o  16 ps ig .  

Each door was clamped i n  a manner s imulat ing f i n a l  i n s t a l l a -  
This s e t u p  i s  shown i n  Figure 15. 

Tape Manufacture and Subassembly 

F i f t een  rolls of tape were manufactured a s  shown i n  Figure 13. The yarn 
was taken from 28 spools ,  passed through a polyes te r  r e s i n  both  with the  help 
of s p e c i a l  guides on e i t h e r  s ide  of t he  ba th ,  and onto the  temporary s torage 
drum. This drum had been previously covered with a scrim c l o t h  l aye r .  After  
curing t h e  r e s i n  with inf ra - red  lamps, each full  drum (900 l i n e a l  f e e t )  was 
s tored  on a spool. 
and c a r r i e d  with the yarn u n t i l  i n s t a l l a t i o n  onto the  bladder .  

The scrim c l o t h  was s l i t  during the  unwinding of operat ion,  

Approximately 4400 f e e t  of t h i s  tape  were subassembled t o  form t h e  longt -  
Since these  s t r a p s  a r e  i n  e f f e c t  continuous, passing back and tud ina l  s t r a p s .  

f o r t h  from one terminal r i n g  t o  the  o the r ,  a number of buckle s p l i c e s  were 
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Figure 13. - Tape manufacturing setup. 

Figure 14. - Prototype bladder assembly. 
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required t o  jo in  

Figure 15. - Access door pressure t e s t  setup. 

the 900-foot lengths.  The longi tudina l  s t r a p  subassembly was 
completed p r i o r  t o  appl icat ion t o  the  bladder. 
r i n g  loop t o  terminal r i ng  loop was control led by subassembling over pins  
mounted i n  t h e  f l o o r  a t  p rec ise  loca t ions .  The f ab r i ca t ion  sequence was t o  
i n s t a l l  the  f i r s t  buckle and bond i n  place. This was located a t  t h e  proper 
dis tance from the  f irst  loop. 
a t  t h e  opposite end. 
s t r a p  through it, the loop placed over t he  p in  loca to r ,  and the  buckle accurately 
loca ted  r e l a t i v e  t o  t h i s  loop. 
uniform tension. A t  t h i s  po in t  the  buckle, j u s t  i n s t a l l e d ,  was clamped and 
bonded . 

Accurate length  from terminal  

Next, the  rough loop loca t ion  was establ ished 
A buckle was put i n t o  approximate loca t ion  with the  doubled- 

Care was taken t o  ensure t h a t  each s t r a p  had 

This sequence was repeated 120 times unti l  a l l  longi tudina l  s t r a p s  were 
accura te ly  joined. 

Bladder Manufacture 

The manufacture of t he  bladder involved f i r s t ,  t h e  lamination of the  bladder 
mater ia l  components i n t o  a composite mater ia l .  This was followed by subassembling 
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t hese  paneis  i n t o  tine proper f i a t  p a t t e r n  shape. 
assembly was a t tached  t o  the  bladder and the  end gores joined. 
by t h e  wrapping of t h e  assembly in to  a tubular  shape and sp l i c ing ,  

Kext, t he  iongi tudina i  s t r a p  
This was followed 

Bladder Mater ia l  Lamination. - The pressure bladder  mater ia l s  composite i s  
descr ibed i n  the  "Materials and Materials Testing" r epor t  (Reference 3). The 
mater ia l s  ava i lab le  t o  GAC a t  t h e  i n i t i a t i o n  of t h i s  program were the  c lo th -  
bi laminate  f i lm-cloth laminate,  the PVC foam, and t h e  outer  l aye r  c lo th .  The 
f i r s t  operat ion a t  GAC was t o  laminate these mater ia l s  i n t o  the  p r e s s y e  bladder 
composite. 
was c a r r i e d  out by f i rs t  applying the polyes te r  adhesive t o  both mating sur faces  
of t h e  l aye r s  t o  be joined. The components were then placed on a sca led  t a b l e  
s u i t a b l e  f o r  4subsequant oven cure ,  
t a i n  clamping pressure during cure,  The e n t i r e  t a b l e  was then put  i n t o  the  oven 
and t h e  adhesive system cured, The loca t ions  where the  bladder panels were t o  
a t t a c h  t o  the  tangent r ings  were determined p r i o r  t o  t h i s  layup operation. 
PVC foam was omitted l o c a l l y  i n  these areas .  This r e su l t ed  i n  t h e  bonding of t h e  
f i lm-cloth laminate d i r e c t l y  t o  the outer  c l o t h  i n  these  regions.  This arrange- 
ment provides means of car ry ing  the loads from t h e  i n t e r n a l  tangent r i n g s  ( f l o o r  
support  s t r u c t u r e )  d i r e c t l y  i n t o  the long i tud ina l  s t r a p s  without a s o f t  connection 
through the  foam layer .  

This composite i s  shown i n  Figure 16. Lamination of' these compohents 

The composite was then vacuum-bagged' t o  main- 

The 

Thir ty-s ix  composite bladder  panels were required t o  make t h e  e n t i r e  b ladder .  

Bladder Subassembly. - Bladder panels  were joined i n t o  a P l a t  p a t t e r n  on t h e  
f l o o r  area which had been spec ia l ly  prepared. The rectangular  panels  were accur- 
a t e l y  trimmed t o  pre-determined s i z e s 9  
c l o t h  side down, and 2-inch wide fi lm-cloth tape appl ied using polyes te r  room 
temperature adhesive. 

They were l a i d  on the  f l o o r  with the  f i l m -  

The assembly was then inverted.  Film-cloth tape  was appl ied t o  the  f i l m -  
c l o t h  s ide  i n  t h e  same manner, However, immediately p r i o r  t o  p u t t i n g  t h e  tape  
i n  p lace  a-1/8-inch diameter bead of RTV Si l icone  was in j ec t ed  i n t o  the  j o i n t .  
The pressure of applying the  tape caused the  s i l i c o n e  t o  flow out over t he  f i l m  
c l o t h  approximately 1/4 t o  3/8 inch on each s ide.  
c l o t h  of t he  panels  and t o  t h e  tape,  r e s u l t i n g  i n  an exce l len t  s e a l ,  

This bonded we l l  t o  the  f i l m -  

It was necessary t o  remove excess mater ia l  from the  ends of t h i s  f l a t  
p a t t e r n  t o  provide gores which could be seamed together  t o  form the  proper end 
contour. This is  shown i n  Figure 17. The proper gore shape was der ived from a 
p l a s t e r  model of t he  end. These gores were joined and taped i n  
the  same manner a s  o ther .b ladder  jo in t s .  See Figures 19 and 20. Several  of  
these  gores were l e f t  unjoined while the  bladder  was on the f l o o r .  This permitted 
s u f f i c i e n t  access t o  the  ins ide  t o  l a t e r  i n s t a l l  l a r g e  hardware items such a s  
packaging r ings .  

See Figure 18, 
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OUTER LAYER 
OF NYLON CLOTH - (A-5130)  

POLYESTER ADHESIVE (VITEL) 

OUTER NYLON CLOTH (A-5130) 

I ITEN I WEIGHT (PSF) I 

0.010 

0.012 

INNER LAMINATE ( G X 2 2 2 0 5 O )  

POLYESTER ADHESIVE (VITEL) I 
CLOSED-CELL PVC FOAM 

I 0.G34 

I 0.010 

TOTAL I - 
0.108 

Figure 16. - Pressure bladder .  
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Figure 17. - Subassembly. 
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Figure 18. - Contour model for bladder development. 
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Figure 19. - End gore seaming. 1 

Figure 20. - Bladder assembly. 
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I n s t a l l a t i o n  of Longitudinal Strap Assembly. - The l a s t  s t e p  i n  t h e  bladder 
assembly was t h a t  of a t taching the longi tudina l  s t raps .  This operation i s  shown 
i n  Figure 20. 
on the  f l o o r .  
Tangent point  loca t ions  previously marked on the  s t r a p s  were coordinated with the  
tangent l i n e s  on the  bladder. 
during i n i t i a l  cure of t he  RTV s i l i cone  adhesive used. Figure 2 1  shows a t y p i c a l  
area where s t r aps  a re  attached t o  bladder. 
i n  t h i s  p ic ture .  
t he  ex terna l  tangent r ings.  

The s t r a p  locat ions were marked on the  outs ide of the  bladder while 
Attachment was then made between tangent po in ts  of each s t rap .  

The s t r a p s  were weighted fo r  clamping pressure 

A longi tudina l  s p l i c e  i s  a l s o  shown 
The shor t  s t r aps  were then bonded i n  place f o r  attachment of 

Figure 21. - Longitudinal tape  attachment t o  bladder.  

F ina l  Bladder Longitudinal Seam. - The bladder edges were f i n a l l y  brought 
together  and the  l a s t  seam made t o  make a tubular s t ruc tu re .  After  the bladder 
j o i n t  was completed, the first and l a s t  s t r aps  were joined using match marks 
put  on during s t r a p  subassembly f o r  coordination. 
complete with the  exception of the  f i n a l  gore seams i n  each end, and the  a t tach-  
ment of the s t r aps  t o  %he bladder i n  the  curved end regions.  
t he  bladder was hois ted i n t o  a v e r t i c a l  pos i t ion  for  hardware i n s t a l l a t i o n .  This 
i s  shown i n  Figure 22. 

(The bladder assembly was then 

I n  t h i s  condi t ion 



Figure 22. - Prototype model ready f o r  hard s t ruc tu re .  
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Packaging Ring. - The f i r s t  hard-structture component t o  be i n s t a l l e d  was a 
The foam t o  which the  packaging r i n g  was at tached was f i r s t  bonded packaging r ing.  

i n  place using polyester  adhesive. 
the  bladder was f l a t  on the  f l o o r .  

Locations were derived from e a r l i e r  layout  while 
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The t i e - s t r ap  assemblies were then bonded i n  place and the  f i rs t  packaging 
After loca t ion ,  the s t raps  were t i e d  and bonded r i n g  inser ted  through the  end. 

t o  the  r ing.  

The packaging r ings can be seen i n  place i n  Figure 23. I n  t h i s  view 
temporary spokes can be seen i n  these r ings  t o  
i n  subsequent fabr ica t ion  operations. 

ensure t h a t  they a re  not damaged 
These a re  t o  be removed p r i o r  t o  packaging. 

Figure 23. - Prototype model ins ide  view showing i n t e r n a l  hardware. 
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Tangent Rings. - The ex te rna l  tangent r i n g  was then i n s t a l l e d  a t  t he  lower 

Epoxy 
end. 
r i n g  and clamped i n  pos i t ion  during cure with clamp p l a t e s  and C-clamps. 
adhesive was used fo r  t h i s  attachment. 

Attach s t r a p s  were a l ready  i n  place.  These s t r a p s  were folded over t he  

The lower i n t e r n a l  tangent r i n g  was then  inser ted .  This r i n g  was made i n  
four  pieces  with turnbuckles a t  t he  j o i n t s  t o  provide adjustment f o r  a t i g h t  f i t  
aga ins t  the  ins ide  of the  bladder .  
cure of t he  adhesive. RTV s i l i c o n e  was used f o r  t h i s  attachment. 

This a l s o  provided clamping pressure  during 

Temporary Spider. - A temporary wooden sp ider  was then in se r t ed  i n t o  the  
i n t e r n a l  tangent ring. This can be seen a t  t h e  f a r  end i n  Figure 23. This i s  a 
f a b r i c a t i o n  a i d  t o  be removed l a t e r .  The hole i n  the  center  i s  f o r  i n s e r t i o n  of 
a s tub s h a f t  t o  be used during the  c i rcumferent ia l  tape wrapping operat ion.  The 
design of t h i s  spider allowed adjustment of the  arms t o  obta in  a t i g h t  f i t  i n t o  
the  i n t e r n a l  tangent r i n g  and a l s o  accura te ly  l o c a t e  the  s h a f t  hole  on cen te r .  

The f in i shed  door t o  be i n s t a l l e d  a t  t h i s  end was then temporarily a t tached  
t o  the  sp ider .  
a f t e r  t he  bladder  terminal r i ngs  were i n  place.  

This was simply t o  stow the  door which could no t  be  in se r t ed  

Terminal Rings.. - The next s t e p  i n  f a b r i a a t i o n  was the  i n s t a l l a t i o n  of t he  
bladder terminal  r ings ,  F i r s t  t he  remaining gore seams a t  t h i s  end were com- 
p le ted .  
the  bladder terminal  r ings .  
RTV s i l i c o n e  f o r  adhesion and sea l ing  purposes. 
were then in se r t ed  through t h e  s t r a p  loops and joined.  
prototype model i n  t h i s  s tage of completion, 

The hole was trimmed i n  the  bladder t o  the appropriate  s i z e  t o  match 
These r ings  were then bonded i n  p lace ,  again using 

The s t r a p  terminal  r i n g  halves  
Figure 24 shows t h e  

Temporary Door, Stub Shaf t ,  and Handling F i x t u r e .  - The temporary door and 
s tub  s h a f t  were then i n s t a l l e d .  The in s ide  door ha l f  was s p l i t  f o r  i n s e r t i o n  
through the  door opening, 
secured i n  place i n  the  spider .  
together  and at tached t o  the  outer  door h a l f ,  wi th  t h e  temporary s e a l  i n  p lace .  

The s tub s h a f t  was in se r t ed  through the  opening and 
The s p l i t  insidecdoor ha l f  was then  put 

The handling f i x t u r e  r ing ,  and th ree  supporting arms were then jo ined  t o  
the  tangent  r i n g  and t h e  s tub s h a f t  extension. 
Figures  25 and 26. 

This arrangement can be seen i n  

The prototype t e s t  unit was then inverted and the  same procedure followed 
f o r  i n s t a l l a t i o n  of hardware and temporary f ab r i ca t ion  a i d s  on the  other  end. 
Figure 25 shows the  model i n  t h e  inver ted  pos i t i on  with the  second tangent r i n g  
i n s t a l l e d ,  and t h i s  end ready f o r  t h e  s tub  sha f t ,  temporary door,  and handling 
f i x t u r e  i n s t a l l a t i o n .  

Circumferential  Tape Wrap. - The t e s t  a r t i c l e  was then placed i n  a horizon- 
t a l  pos i t i on  and the  s tub  s h a f t s  placed i n  t runnion stands.  This p o s i t i o n  i s  
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Figure 24. - Prototype model with hardware i n s t a l l e d  a t  one end. 
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Figure 25. - Prototype model with hardware i n s t a l l e d .  
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Figure 26. - Prototype model i n  hor izonta l  posi t ion.  

depicted i n  Figures 26 and 27. 
f o r  the  s tub shaf t .  I n  t h i s  manner the weight of the t e s t  a r t i c l e  from the  
tangent r ings  outward was supported by the  trunnions. 
of t h e  f l ex ib l e  s t ruc tu re  between tangent r ings ,  and the  two packaging r ings t o  
be supported (see Figure 28). 
2 inches of water. This a i r  pressure was introduced through one of the  sha f t s  
( see  Figure 27). 
and arms. 

The trunnion stands provided cant i lever  support 

This l e f t  only the  weight 

The u n i t  was then pressurized t o  approximately 

It was then s t i f f  enough t o  permit removal of the handling r ings  

Supporting rubber- t i red i d l e r  wheels were then installeJ t o  a c t  a s  steady 
r e s t s  f o r  turning the  model during tape wrapping. This Setup i s  shown i n  
Figure 29. Four wheels were used on each s ide.  Two were praced under the 
tangent r ings ,  and two under the packaging r ings.  The wheels on one s ide  under 
t h e  tangent r ings  were interconnected with a common shaf t .  These wheels were 
dr iven by a f r i c t i o n  pul ley  mounted on a var iable  speed dr ive  un i t .  Thus, no 
tw i s t ing  of one end r e l a t i v e  t o  the  other could occur during the wrapping opera- 
t ion .  

A crude tape wrapping device was constructed,  shown i n  Figure 29. The Dacron 
tape spool was mounted on the  movable holder. A f r i c t i o n  device r e s t r i c t e d  the  
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Figure 27. - Trunnion support and drive mechanism. 

Figure 28. - Prototype model supported by trunnions and stub shafts. 
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Figure 29. - Prototype model - circumferent ia l  tape i n s t a l l a t i o n .  

r o t a t i o n  of t h i s  spool.  The tape passed through a team of i d l e r  pul leys  t o  
the  model. This i s  schematically shhematically shown i n  the  following sketch. 
Uniform tension was maintained on the tape by a spring-loaded i d l e r  pulley.  

Spool with 
900 f t  Dacron Tape 

Spring Loaded 
I d l e r  Pulley 
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RTV Si l icone was used a s  the  bonding agent t o  a t t a c h  t h e  tape  t o  t h e  
bladder.  This material  was introduced immediately ahead of t h e  tape as  it 
was wrapped onto the model. 
tangent r ing.  The tape progressed 
2 inches per  revolution. 
been put  on while the bladder was i n  t h e  f l a t  on t h e  f loo r .  
of the  s t ruc tu re  r e su l t i ng  from t h e  i n t e r n a l  pressure of the  bladder 
apparent p r i o r  t o  wrapping. 
t he  s t ruc tu re  i n t o  the  cor rec t  circumference. These bands were s l ipped  along 
the  s t ruc tu re  immediately ahead of the  area being wrapped t o  maintain uniform 
circumference. 

One complete wrap was made adjacent  t o  one 

The s p i r a l  path was defined by markings which had 
From t h a t  point  a s p i r a l  was followed. 

A s l i g h t  d i l a t i o n  
was 

For t h i s  reason s t e e l  bands were used t o  cinch 

Figure 29 shows t h i s  operation i n  progress. Figure 30 shows t b e  operation 
complete. 
pressure over buckle j o i n t s  i n  the circumferent ia l  tapes  while t he  j o i n t  ad- 
hesive was curing. These bands were l a t e r  removed. 

The s t e e l  bands seen i n  Figure 30 were used t o  maintain clamping 

The l a s t  revolution of tape was p a r a l l e l  t o  the  tangent r ing.  The tape 
This buckle t i e s  was terminated using a buckle l i k e  those used f o r  sp l i ces .  

the outer wrap t o  the  l a s t  s p i r a l  wrap immediately underneath. 

Figure 30. - Prototype model - circumferent ia l  tape wrapping complete. 
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Fin i sh  Door I n s t a l l a t i o n .  - When tape wrapping was complete and adequate 
cure time was achieved, the u n i t  was placed i n  a v e r t i c a l  pos i t i on  and t h e  
temporary door and s tub  sha f t  removed from t h e  lower end. The matching door s e a l s  
were mounted on the  door and door frame, and the  door i n s t a l l e d .  The u n i t  was 
then inver ted  and t h e  same operation completed on t h e  opposite end. 

This was followed by the  preliminary l eak  t e s t  described l a t e r  i n  t h i s  
r epor t .  

Attachment of Longitudinal Straps.  - The next t a s k  was the  attachment of 
t h e  long i tud ina l  s t r a p  t o  t h e  bladder i n  the  end regions,  

This was accomplished using RTV Si l icone  a s  the  bonding agent. It was 
accomplished with a low pressure ( 2  inches of water)  i n  the  model. 

This was accomplished with ca re fu l  a t t e n t i o n  t o  uniform o r i en ta t ion  of 
t he  s t r a p s  where they a t t a c h  t o  the bladder .  

Micrometeoroid Foam I n s t a l l a t i o n .  - Bleeder provis ions were made on t h e  
outer  sur face  of the  s t r u c t u r a l  tape t o  a i d  i n  evacuation of t h e  s t r u c t u r e  
wa l l  fo r  packaging. F i r s t  a network of polyethylene spiral-wrap tubing was 
i n s t a l l e d  by taping t o  t h e  outer surface.  I n  addi t ion ,  t r i angu la r  cross-sect ion 
r ings  of extremely open-cell foam were at tached t o  Bach side of the tangency 
r ings .  Thus, openings a re  assured throughout the wa l l  l ayer  t o  a i d  i n  evacuation 
of t h e  wa l l  t o  the  tangent r ings ,  when used a s  manifolds, 

The e n t i r e  s t r u c t u r e  from doors t o  tangency r i n g s ,  and between tangency r ings  
This was then covered with 1*3/4 inch th ick  1.2 lb/cu f t  f l e x i b l e  open-cell foam. 

i s  t h e  micrometeoroid p ro tec t ive  layer .  This mater ia l  was appl ied i n  s labs .  
Attachment was made with polyes te r  adhesive. 
t h e  edges of t he  ind iv idua l  s l a b s  so  t h a t  no void a reas  would be obtained. 

This adhesive was a l s o  appl ied t o  

Outer Cover I n s t a l l a t i o n .  - The nylon f i lm-cloth outer  cover was next appl ied.  
This l a y e r  provides the  s e a l  t o  permit evaluat ion of t h e  wa l l  f o r  packaging. It 
i s  t h i s - s u r f a c e  t o  which t h e  thermal coat ing i s  appl ied,  and a c t s  a s  the  bumper t o  
break up micrometeoroid p a r t i c l e s .  
t o  cover the  c y l i n d r i c a l  sect ion.  
po lyes te r  adhesive. The ends were a l s o  covered with t h e  same mater ia l ,  Gored 
sec t ions  were used t o  follow the  curved shape, i n  the  same manner a s  t he  bladder  
was t a i l o r e d .  A complete bond was made a l s o  a t  t h e  ends where the  outer  cover 
a t t aches  t o  t h e  door frame, and a t  t he  tangent r ings .  

Rectangular panels were pre-joined on the  f l o o r  
These were then bonded i n  p lace ,  again using 

PRELIMINARY LEAK TEST 

A prel iminary l eak  t e s t  was conducted on the  prototype model p r i o r  t o  
app l i ca t ion  of t he  foam and outer  cover. The t e s t  was conducted a t  t h i s  s tage 
of completion t o  permit e a s i e r  l oca t ion  and r epa i r  of l eaks  i n  t h e  bladder ,  i f  
necessary. 
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The design requirements of t h i s  s t r u c t u r e  a r e  spec i f i ed  a s  follows: 

I n t e r n a l  Temperature 

Date Time " F  Barometric 
Pre s sure  Thermocouple 

in .  Hg 1 2 3 

3-2-67 8:30 a.m. 28.74 75 75 75 

3-3-67 9:30 a.m. 28.78 75 75 75 

(1) Maximum gas leakage a t  operat ing pressure  of 2 percent  of t o t a l  
i n t e r n a l  gas volume per  24-hour period. 

n P  
i n  H20 

26.90 

24.60 

(2 )  m e  operating pressure i s  5 ps i a  i n  a vacuum environment. 

The preliminary l e a k  t e s t  requirement spec i f i ed  t h a t  t h e  expandable 
s t r u c t u r e  s h a l l  be i n f l a t e d  t o  an i n t e r n a l  pressure of 1 p s i  and t h i s  pressure  
maintained f o r  a 24-hour per iod  t o  determine leak- ra te  c h a r a c t e r i s t i c s .  

An ana lys i s  was made t o  e s t a b l i s h  the  permissible  l eak  r a t e  under the  pre-  
l iminary t e s t  conditions t h a t  would be comparable t o  t h e  spec i f i ed  design 
requirements under the opdrating condi t ions.  This i s  summarized as  follows: 

Comparing leakage t o  flow through an o r i f i c e  with 2 percent  
leakage in224 hours a t  5 ps i a  permit ted,  t he  o r i f i c e  area i s  
0.00025 i n  fo r  a volume of 4350 cu f t  . 

If the  leakage t e s t  were conducted a t  5 p s i g  on the  ground, 
the  allowable pressure decay i n  24 hours would be 7.6 in .  H20, 
A t  1 p s i g  (ground) t h e  allowable decay i s  3 * O  i n .  H20. 
t he  t a r g e t  value on which t o  compare t h e  prel iminary l e a k  t e s t  
r e s u l t s .  

This i s  

The t e s t  was conducted wi th  the  model i n  t h e  ho r i zon ta l  
pos i t ion .  Three thermocouples were mounted in s ide ,  near t h e  
c e n t e r l i n e ,  with one nearreach end and one i n  the  center .  A 
d i f f e r e n t i a l  water manometer was used t o  measure d i f f e r e n t i a l  
pressure.  Barometric readings were obtained a t  the  s t a r t  and 
then a t  t he  end of t h e  t e s t .  

The i n i t i a l  and f i n a l  temperature and pressure  measurements a r e  l i s t e d  
i n  TabLe TX.. 
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Since the  i n t e r n a l  temperature was the  same a t  t he  beginning and a t  t h e  
end of tes t  per iod,  no temperature cor rec t ion  was necessary,  

The barometric pressure increased from 28.74 t o  28.78 in .  Hg, Correct ing 
a t  t h e  end of 25 hours was 24,80 i n ,  H20, 

This was we l l  within t h e  3.0 i n ,  H20 loss 
f o r  t h i s  d i f fe rence  the  f i n a l  A P  
The n e t  l o s s  then was 2.1 in ,  H20, 
permiss i b f e  

A s  p a r t  of t h i s  cont rac t  GAC prepared a "Proposed Test Program" r epor t  
(Reference 6). 

This program covers t he  follpwing t e s t s ,  t o  be c a r r i e d  out on t h e  prototype 
model now complete. 

Atmospher1.c Ambient Tes t ing  

Folding and Packaging 
Gas Leak Rate 
Proof Pr e s sw: e 

Va c uum Chamber Test Ing 

Packaging Load 
Deployment 
Gas Leak Rate 

Since the  prepara t ion  of the  t e s t  program r e p o r t ,  considerable thought 
has been given t o  the  t e s t i n g  program, It is recommended t h a t  an u l t imate  
pressure  t e s t  a l s o  be ca r r i ed  out a t ,  t h e  conclusion of t he  other  t e s t s .  This 
would b e s t  confirm the  c a p a b j l i t y  of  t h i s  s t r u c t u r e  t o  ca r ry  out t he  func t ions '  
s t r u c t u r a l l y  t h a t  have been predic ted  a n a l y t i c a l l y  alzd by small  s c a l e  t e s t i n g  
of ma te r i a l  samples, 

CONCMJSIONS AND RECOMMENDATIONS 

The program he re in  repor ted  i s  t h e  i n i t i a l  phase of an over -a l l  program 
e n t i t l e d  *A F e a s i b i l i t y  Inves t iga t ion  of Expandable S t ruc tures  Module for 
Orb i t a l  Experiment - A r t i f i c i a l  GIf. 

This program included I n i t i a l l y  a design and ana lys i s  t a s k  of a f u l l r s c a l e  
s t r u c t u r e , .  The r e s u l t s  were e n t i r e l y  compatible with the  b a s i c  s t r u c t u r e  
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concept on which the  design w8s based. This included t e s t  eva lua t ion  of 
mater ia l s  and mater ia l  composites subsequently u t i l i z e d  i n  t h e  design. 
Concurrently with t h i s  t a s k  a prototype model was designed, followed by t h e  
manufacturing of t h i s  uni t .  The conceptual design included u t i l i z a t i o n  of 
f a b r i c a t i o n  techniques which are not  conventional. This was necessary due 
t o  t h e  extreme s i ze  of t h e  product. 
normally common t o  f i lament  wound s t ruc tu res ,  bu t  t o  do so  without t h e  a i d  
of f i lament  winding equipment of a s i z e  t o  handle t h e  complete a r t i c l e .  

The goal  was t o  achieve c h a r a c t e r i s t i c s  

The r e s u l t s  were qu i t e  s a t i s f a c t o r y ,  and confirms that  considerably 
l a r g e r  products can be manufactured using t h e  same bas i c  techniques. 

The assembly processes could a l s o  be appl ied using o ther  mater ia l s  f o r  
t h e  s t r u c t u r a l  elements. For example, s t a i n l e s s  s t e e l  t ape  in s t ead  of Dacron 
tape  could be r ead i ly  considered. 
weight, bu t  the r e s u l t i n g  s t ruc tu re  would withstand t h e  pressure loads 
equal ly  well, w i t h  l e s s  i n f l a t i o n  elongat ion due t h e  higher modulus of 
e l a s t i c i t y .  I n i t i a l  t ape  manufacturing t a s k s  would be somewhat slower s ince  
e x i s t i n g  equipment used f o r  making t h e  tape  would requi re  some modification. 

I t s  use would represent  a penal ty  i n  

It i s  recommended t h a t  t h e  t e s t  program phase be i n i t i a t e d  as soon a s  
poss ib le  t o  complete t h e  f e a s i b i l i t y  i nves t iga t ion  here in  s t a r t e d .  
program should cover the  e s s e n t i a l s  def ined by t h e  t e s t  program developed 
under t h i s  contract .  

This 

It i s  recommended t h a t  one s i g n i f i c a n t  design change be made on f u t u r e  
s t ruc tu res  of t h i s  type. 
of t h e  c i rcumferent ia l  t apes  while maintaining t h e  same width.  They would 
then be appl ied s ide  by side, w i t h  e s s e n t i a l l y  no gap. This would provide 
complete backup f o r  t h e  bladder  i n  t h e  end regions.  This i s  not e s s e n t i a l ,  
bu t  does provide pro tec t ion  f o r  t h e  bladder  a t  t h e  r e l a t i v e l y  small penal ty  
of add i t iona l  adhesive weight f o r  bonding the  long i tud ina l  s t r a p s  t o  t h e  
bladder.  

The long i tud ina l  tapes  should be 1/2 t h e  weight 

It i s  also recamended t h a t  a d d i t i o n a l  material opt imizat ion work be 
implemented. 
of t h e  flammabili ty c h a r a c t e r i s t i c 6  of t h e  to ta l  composite material. 
for optimizat ion should include both  t h e  end i t e m  app l i ca t ion  and t h e  NASA 
requirements f o r  crew bay material6 cu r ren t ly  being reviewed and revised. 

This work should be  d i r ec t ed  towards an o v e r a l l  i nves t iga t ion  
C r i t e r i a  
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